Introduction
[2] Elevated summer chlorophyll concentrations within the California Current System are induced by upwelling of cold, nutrient-rich subsurface water driven by equatorward coastal winds and ensuing offshore Ekman transport. Seasonality of this wind forcing varies with latitude, from persistently upwelling with a weak late-winter seasonal maximum at the lowest latitudes (<30°N), to seasonal reversals between winter downwelling and summer upwelling north of $35°N with a strong summer (June -July) maximum in alongshore stress at $38°N. From 35-50°N, the summer upwelling season becomes progressively weaker and shorter with increasing latitude [Hickey, 1998] . Climatologically, the phasing of seasonal wind forcing and local chlorophyll maxima is closely coupled over the entire region , however, direct correlations of monthly non-seasonal chlorophyll and wind forcing variability are relatively weak [Strub et al., 1990, Thomas and ], strongest at lags of 10-20 days . Strong interannual variability in chlorophyll concentrations within the California Current is well documented, both in response to El Niño events [e.g., Fiedler, 1983; Kahru and Mitchell, 2000; as well as forcing from higher latitudes through advection of subarctic water into the system [Freeland et al., 2003; Thomas et al., 2003] .
[3] In the first half of 2005, reports of unseasonably warm sea surface temperatures (SSTs), fish species displaced from their normal range [Brodeur et al., 2006] Sydeman et al., submitted manuscript, 2006) suggested that anomalous oceanic conditions were present in the California Current system. Here, we use time series of satellite ocean color data to map broad-scale chlorophyll-a (chl-a) concentrations from 23°N to 50°N in 2005. Our goal is to quantify the magnitude and time/space patterns of anomalies at the base of the food chain that may be linked to the observed changes at higher trophic levels. Chl-a patterns in 2005 are contrasted with the time/space patterns of chlorophyll anomalies of other years and then compared to patterns in local wind forcing and SST anomalies.
Methods
[4] Daily 4 km resolution Sea-viewing Wide-Field of view Sensor (SeaWiFS) chl-a data (Ocean Color 4 version 5.1) [O'Reilly et al., 1998 ] over the eight-year period September 1997 -December 2005 are regridded to a consistent projection retaining 4 km resolution over the California Current from 23-50°N and used to calculate a time series of monthly composites. All calculations are carried out in units of chlorophyll concentration (mg m
À3
). The eight-year time series is used to form a 12-month seasonal climatology from which monthly anomalies in 2005 are derived. Interannual differences in missing data due to clouds potentially biases these anomalies. An examination of valid retrievals in 2005 compared to the 8-year mean data availability in each month, however, shows similar coverage, suggesting that biases resulting from differences in cloud cover, although present, are minimal on the space scales emphasized here. Coastal chl-a concentrations at each latitude are characterized as the mean over the 100 km closest to shore, a region that encompasses the shelf at most latitudes and is most directly influenced by upwelling. Local wind forcing is characterized as offshore Ekman transport calculated from daily NCEP/NCAR Reanalysis 2.5 degree resolution winds. The alongshore component of stress is calculated at the two ocean grid-points closest to the coast at each latitude and averaged. These are then formed into monthly means and an 8-year climatology over the SeaWiFS mission period from which 2005 anomalies are calculated. Hourly SST data from 7 buoys between 33°and 47°N along the U.S. west coast and their associated 19-year monthly statistics, available from the NOAA National Data Buoy Center, illustrate SST in 2005 at specific locations and deviations from climatological conditions. Monthly chlorophyll values at buoy locations are extracted from the image time series as the mean of a 5 Â 5 pixel box. 34°N ). In April, negative anomalies over the northern shelf regions have intensified and expanded offshore forming a continuous band of anomalies <À1.0 mg m À3 from northern Vancouver Island to $45°N, and continuing as weaker negative anomalies south to $40°N. North of 47°N, these anomalies extend $300 km offshore, well seaward of the shelf break. South of $40°N, shelf anomalies are positive in a region extending to $27°N. Along the southern Baja shelf (27 -23°N) anomalies are weakly negative. In May and June, negative anomalies <À1.0 mg m À3 remain over the northern shelf study area and have expanded south to Cape Mendocino ($40°N), extending offshore tracing established patterns of mesoscale circulation [e.g., Kosro et al., 1991; Barth et al., 2005] . South of Cape Mendocino, May anomalies are predominantly negative, most strongly so off San Francisco ($37°N), while June anomalies have switched to positive as far south as $27°N, modulated into mesoscale features. July anomalies throughout the study area, with locally isolated exceptions, have switched to positive. These positive anomalies are strongest north of $38°N with positive anomalies >1.0 mg m À3 extending >200 km offshore in the region 40 -45°N.
Results
[6] Chl-a anomalies in 2005 are placed into interannual context in Figures 2 and 3 . The climatological seasonal time series of chl-a concentrations within 100 km of the coast (Figure 2a) shows the annual cycle as a function of latitude consistent with previous studies [e.g., . Highest values in the study area (>3.0 mg m À3 ) are in 35°N) are actually the highest observed. These patterns contrast with those during El Niño conditions (1998) which were not anomalous north of $38°N but remain the lowest on record for most latitudes south of this.
Discussion and Conclusions
[8] The canonical picture of reduced chl-a concentrations in upwelling regions is in association with increased SSTs due either to reduced wind forcing or to an anomalously deep thermocline, such that upwelling brings warm, nutrient-poor water to the surface [e.g., Chavez et al., 2002] [9] Latitudinal patterns of alongshore wind forcing (Figure 5) suggest that delayed seasonal upwelling over the northern California Current is related to elevated SSTs and delayed seasonal chl-a increases. Well established climatological patterns (Figure 5a ) switch between winter downwelling and summer upwelling at latitudes >35°N, with a progressively shorter upwelling season with increasing latitude, and maximum summer (June-July) wind stress between $33-42°N. Interannual variability (Figure 5b) is largest in winter due to variable storm tracks with summer maxima centered at $39°N, the region of maximum wind stress. In 2005 (Figure 5c ), however, downwelling winds exist over the entire study area in January -February. Consistent with satellite winds. Downwelling (winter) conditions persist relatively late into the season north of $40°N and upwelling winds are weak in April -May before increasing to stronger than climatology in the later summer (JulySeptember) see also Schwing et al. [2006] . Anomalies (Figure 5d ) highlight these patterns, negative in March everywhere north of $30°N, most strongly between 35-45°N. Strongest negative anomalies (<À50 m 3 s À1 100 m À1 ) begin in March at $40°N, and expand in range to $33-43°N in May. In June, anomalies become abruptly positive (more upwelling favorable) relatively synchronously over the entire study region.
[10] The latitudinal patterns of wind, SST and chl-a anomalies show only weak spatial and temporal concordance. This is partially due to time/space mismatches in the (1999 -2001, 2003, 2004 ) is shaded. Research Letters, 2006) . Following the June transition to positive wind anomalies, chl-a anomalies at these higher latitudes turn positive by July. The largest chl-a anomalies are located north of, and spatially dissociated from, the strongest wind and SST anomalies that occur at latitudes of the climatological wind-forcing maxima. Despite the strength of these wind anomalies, however, actual spring winds at latitudes 30-40°N remain upwelling favorable, beginning sometime in March. Associated negative chl-a anomalies are weak and patchy in time/space. Our results show that development of the strongest surface chl-a anomalies in 2005 occurs at latitudes where wind anomalies are sufficient to change the actual sign of cross-shelf Ekman transport rather than at latitudes of maximum wind anomaly magnitude. Anomalous conditions at higher trophic levels [e.g., Brodeur et al., 2006; Sydeman et al., submitted manuscript, 2006 ] also extended south of the maximum chl-a anomalies calculated here, spatially consistent with the wind and SST anomalies ( Figure 5 ). The implication is that ecosystem response across multiple trophic levels to wind anomalies at critical periods (here, spring) result from complex biological-physical interactions beyond simple delayed local upwelling and reduced surface chl-a concentrations. For example, wind and SST anomalies likely impose changes in wind mixing and curl (vertical fluxes), current structure and mesoscale pattern not addressed here, each potentially impacting aspects of ecosystem function at higher trophic levels.
